Since microorganisms were incorporated as key components in marine food webs (43) , heterotrophic nanoflagellates have been identified as major consumers of bacteria (51) as well as important remineralizers of nutrients in aquatic ecosystems (24) . Heterotrophic nanoflagellates are also a trophic link between picoplankton and microzooplankton (1) . The study of the energetics of these organisms is crucial to understanding the so-called microbial loop as well as aquatic ecosystems as a whole.
Despite the obvious need for energetic studies of bacterivorous nanoflagellates, data are very limited and confined to temperate species (11, 16, 23, 52, 54) . To our knowledge, no ecophysiological data about heterotrophic protozoa isolated from cold waters are available except for a comparative study of temperature tolerances for a psychrophilic ciliate (35) . The definition of psychrophilic organisms originally given for bacteria by Morita (38) requires that the organisms grow well at -1.5°C, have an optimum growth temperature at or below 15°C, and do not grow above 20°C. We report here on the physiological parameters of two psychrophilic nanoflagellates, including growth and grazing rates and gross growth efficiencies (GGEs), and the effects of temperature on these parameters. Since our isolates are two ecotypes of Paraphysomonas imperforata collected at different latitudes, it is also possible to investigate genetically fixed responses among ecotypes by comparing our isolates with their temperate counterparts.
MATERIALS AND METHODS
Protozoa and bacteria. P. imperforata, identified by scanning electron microscopy with the keys of Preisig and Hibberd (46) , was isolated from a water sample at 79°37.3' N, 108051.21 W, in the Arctic Ocean (44) , where the seawater * Corresponding author.
temperature is below 2°C year-round. The same chrysomonad species was isolated from a water sample from Conception Bay, Newfoundland, Canada, where surface temperatures rise above 5°C by the end of spring. One species of rod-shaped bacterium (ca. 1.5 to 2 by 1 p.m when grown in organic rich medium), designated Ti, was also isolated from the Newfoundland water sample and was used as a food source for the protozoa. Bacteria were grown axenically at 4°C in h/2 medium (25) Frost (20) , as modified by Heinbokel (28) , to account for the increase in protozoan numbers. Mean concentrations of flagellates ((P)) and bacteria ((B)) were calculated as follows: (P) = (P2 -P1)/(ln P2 -In P1) and (B) = (B1 -B2)/(ln B1 -ln B2), where P, and B, are concentrations of protozoa and bacteria, respectively, at time t (time 2 being later than time 1). An instantaneous ingestion rate (i) can be viewed at a rate of disappearance of bacteria when ingestion is the only loss factor and is calculated as i = (ln B2 -In B1)/At, where At is time 2 minus time 1. The ingestion rate, I, defined as the number of bacteria consumed per protozoan per unit time, was then calculated as the instantaneous ingestion rate times the ratio of the mean concentration of bacteria to the mean concentration of protozoa. The clearance rate, C, defined as the volume of water cleared of bacteria by a protozoan cell per unit time, was computed as the ingestion rate divided by the mean concentration of bacteria. A cell yield (Y), defined as the number of protozoa produced divided by the number of bacteria consumed, was also computed, by using the
The GGE was calculated in terms of biovolume as the efficiency of conversion of bacterial volume into flagellate volume, by using the formula Q10 values were estimated for growth rates and ingestion rates by nonlinear regression. Exponential regressions were chosen on the basis of highest r2 among the tested models.
Thus, Rate = A x 10B x Temp, and therefore Q10 = 1010 x B, where Rate is the growth rate or ingestion rate, A and B are constants, and Temp is the temperature at which Rate is measured. 
RESULTS
The growth rates of the nanoflagellates in the temperature interval from -1.8 to 20°C ranged between 0 and 3.28 day-1 for the Newfoundland isolate and between 0 and 2.28 day-1 for the Arctic isolate (Fig. 1) . The growth rates of the two isolates showed similar patterns in response to temperature change: (i) they decreased above and below the optimal temperature, which was about 15°C for the Newfoundland isolate and 12.3°C for the Arctic isolate; (ii) the change in growth rates was slower below than above the optimal temperature; and (iii) neither isolate survived at 20°C. In most grazing experiments, the nanoflagellates started to grow exponentially at their expected rates immediately after being introduced into grazing vessels (Fig. 2a) . Occasionally, the nanoflagellates showed a lag period (up to 6 h in an extreme case) before entering an exponential phase (Fig.  2b) . Exponential growth lasted 11 to 25 h, depending on initial bacterial concentrations and nanoflagellate growth rates (two examples in Fig. 2 ). The growth rates during the grazing experiments were consistent with those obtained previously (Fig. 1) .
For both nanoflagellates at all three temperatures, ingestion rates increased with increasing growth rates, from 14 to 62 bacteria flagellate-1 h 1 for the Newfoundland isolate and from 30 to 99 bacteria flagellate-' h-1 for the Arctic isolate, showing significant differences (P < 0.01) between temperatures ( Fig. 3 ; Table 1 Fig. 1 , the estimated growth rates at -1.8°C (freezing point of seawater) are 0.54 day-1 for the Newfoundland isolate and 0.81 day-' for the Arctic isolate. Extrapolating in the same way to obtain ingestion rates from the data in Fig. 2 (17) reasoned that this is because almost inadequately understood. Spatial and temporal changes of all of the energy of growing flagellates is invested in biomass temperature in aquatic ecosystems could lead to changes in production, while maintenance energy is minimal. The effect microbial communities by giving a competitive advantage to of temperature on GGE of protozoa appears to be more one or another group of microorganisms.
complex. Usually, a decrease in temperature is accompanied Size and GGE. Isolates of P. imperforata are larger at by an increase in GGE (references 47 and 59 and this study), higher-latitude collection sites than at lower latitudes. In this but there are reports of decreased GGE (34, 49) and temperstudy, the diameter range over the three tested temperatures ature-independent GGE (10 (13, 29, 39) . Cells of bacteria such as Salmonella typhimurium (50) and a Pseudomonas sp. (14) are larger when grown at lower temperatures. Hagstrom and Larsson (26) , working with pelagic bacteria, reported decreased growth rates and increased cell sizes at low temperatures. Chrzanowski et al. (14) reported a seasonal variation in cell volume of epilimnetic bacteria with an inverse relationship between cell volume and temperature. In the case of yeasts, a psychrophilic Candida strain had much higher growth rates and was much more active metabolically than the mesophile Candida lipolytica below 10°C (3). Brown and Rose (7), working with Candida utilis, reported an increase in cell volume at low temperatures. Planktonic copepods in cold water increase both body size and fecundity and have a longer development time (37) . The arctic ctenophore Mertensia ovum reduces its metabolic rates and increases its size in winter (41) . In addition, the sockeye salmon, Oncorhynchus nerka, has its maximum GGE at a temperature lower than that at which it has its maximum growth rate (6) , and low temperature has also been shown to increase the size of zooplanktivores living in deep waters (58) . Thus, there appears to be a general phenomenon of an increase in GGE when ectotherm heterotrophic organisms grow below the optimal temperature for growth. This means that even though growth rates decrease, relatively more energy is put into biomass production and less is lost via respiration, defecation, and excretion, etc.
With respect to the autoecology of P. imperforata, the isolates differ significantly in characteristics such as cell size, growth traits (the Newfoundland isolate tended to aggregate much more heavily in the stationary phase), and growth responses to temperature. In the limited studies of population genetics of protists, genetic differences between clones of diatoms have been recognized for Thalassiosira spp. (40) , and the physiological differences among clones of Skeletonema costatum are actually related to genetic differences, as determined by electrophoretic banding patterns (21) . In the case of P. imperforata isolates, large differences in physiological characteristics suggest that the isolates have adapted to temperature not only physiologically but also genetically. The importance of these differences is strengthened by the fact that the isolates have remained unchanged for over 2 years of laboratory culturing. Thus, we believe that the isolates belong to different ecotypes.
